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Abstract 
 
Caminante is a bipedal platform design to test sensitive walking. The robot was 
designed with all the characteristics that were deemed necessary in order to test 
successfully develop and test new control and gait generation systems that can be applied 
to all legged robots. A twelve degrees of freedom platform with series elastic actuators 
that mimics the major human leg joints was developed and constructed. The system uses 
cable driven SEA’s for compliance and force control. Two 36 tactile sensor arrays 
capable of measure shear and normal forces on the sole of the feet were developed to 
measure the forces generated by walking and develop better control schemes for the 
bipedal system.   
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  Introduction 
Legged locomotion is crucial to Travers complex environments. While many 
current legged systems are able to successfully navigate indoors, clean environments, 
only a handful of systems can successfully traverse rough terrains and the majority of 
these system are quadruplets which do not have the flexibility of a bipedal system. About 
half of the earth landmass is currently inaccessible by wheeled vehicles [1]. Most of the 
legged locomotion research has been focused on balancing and gait generation with 
proprioception data, little attention has been given to somatosensory feedback and the 
advantages of having real-time data of the ground that the robot is interacting with. 
Humans and animals require proprioceptive and tactile feedback data to walk on even 
and uneven terrain. For humans walking when a leg is asleep, limited sensory feedback, 
proves to be a difficult task, a majority of legged robots today walk with the equivalent of 
having both legs asleep. This lack of feedback greatly limits the information available to 
the control systems used to plan motion, and visual and 3D mapping sensors are only able 
to predict the ground environment, they are not able to determine how a foot will interact 
with the environment when contact is made ie, mud, or moving rocks.  
The purpose of this project is create a platform to test sensitive walking and 
determine is podotactile data can be used to improve robotic legged locomotion on both 
flat and uneven terrains. 
Background 
Legged locomotion and tactile feedback have been major fields through the 
history of robotics research. This section will cover a variety of legged and tactile 
systems.  
Tactile Feedback 
  
Previews research has shown the importance of tactile feedback and its effect in 
control systems and overall worth in robotic systems. Additionally biological studies 
have shown that it is a crucial sense needed by most animals to subsist productively. A 
tactile feedback system for robotics applications must meet certain criteria in order to 
prove successful; this following section will go over the importance of tactile feedback 
and cover a variety of mechatronic implementations. 
Human Tactile Sensing 
 
Tactile feedback is crucial for humans, its is a sense that is so intertwined in our 
body schema and nervous system that we sometimes are not able to appreciate it’s value. 
Humans are able to interact with the world through tactile feedback. Simple task like 
holding an egg, or even standing up from the ground are severely limited without tactile 
feedback. Rare cases where people have lost this sense can be used to understand the 
importance of it. IW is a person that lost tactile and proprioceptive feedback in his body 
as an adult, even after years of rehabilitation he is still unable to preform simple task like 
holding an egg with ease. “IW learned through trial and error the amount of force needed 
to pick up and hold an egg without breaking it. If his attention is directed toward a 
different task while holding the egg, his hand crushes the egg” [2]. IW is not able to close 
his motion control loop through proprioceptive and tactile feedback, with years of 
training he has been able to close this loop through visual feedback and is still unable to 
grab an object and hold it without looking at it. He has many other limitations but the 
main thing that stands out is his jerky movement and the difficulty he has while walking 
and grabbing objects.  
 
Humans and biological systems in general have been a major source of inspiration 
in the field of robotics. The human tactile sensory system has many characteristics that 
can be used to inspire and model mechatronic solutions in addition it can be used as a 
criteria to measure the success of a mechatronic proxy. Humans sense through skin, as 
shown in Figure 1 , beneath skin very sensitive sensors called mechanoreceptors detect 
any deformations in the skin or hair movement. This sensors serve as inspiration for 
tactile feedback systems. 
 
Figure 1: Human tactile sensor 
Robotic Tactile Systems 
 
A variety of tactile feedback systems have been used in robotics application, 
mainly they have focused on adding this sensory feedback to robotic manipulators 
although some research has been done on tactile feedback on legged robots.  Some of the 
most promising tactile feedback technologies will be described bellow.  
 
Most of the early attempts use strain gauges to create load cells that can then be 
placed on any system. Although this technique is able to measure contact forces, this 
technology is difficult to calibrate, mechanically an electrically complex, prone to 
mechanical failures, and carries a high cost that comes the overall cost of strain gauges 
the assembly process and electrical system need to sample the sensors. Later attempts 
went on and applied this technology in a MEMS scale, this made the system more 
reliable and smaller but increased the cost system. Even though it was an improvement 
over the standard technology the system had a very limited force sensing range and can 
only measure a maximum deflection of 15𝜇𝑚[3].  Both of these technologies are only 
able to measure normal forces at a very limited deflection range. Other systems that used 
transistor active matrixes [4], piezoelectric sensors [5], and array of flexible capacitors 
[6] were also able to successfully measure normal forces on a limited deformation range 
but had material and cost restrictions. A complete review of tactile feedback technology 
can be found in [8].  
 
 Eduardo Torres-Jara developed a more successful sensor for robotic 
manipulation application.  This tactile feedback system looks at the deformation of a 
rubber dome that can be specifically design for different systems. Using either hall effect 
sensors to measure the location of a magnet or phototransistors to measure the reflection 
of light inside the dome, the normal and shear force being applied to the system can be 
measured [9].  These sensors have been proven effective in robotic manipulation with the 
Obrero [10] and Gobot platforms [11] shown in Figure 2. 
     
 
Figure 2: Left: Obrero, Right: GoBot 
 Obrero uses larger (14mm) sensors that have an embedded magnet at the top 
of a flexible rubber dome. The location of the magnet is tracked by 4 hall effect sensors, 
with this information a force vector is constructed based on the location of the magnet. 
Although the system was very successful at measuring the normal and shear forces, there 
were material limitations do the magnet.  GoBot uses an improved version of the sensors, 
shown in Figure 3, where an LED is placed in the center of the done and four 
phototransistors are used to measure the light reflected by the dome and a general force 
vector is determine.  
 
Figure 3: Light Based Tactile Sensor 
 
Legged Robots 
A number of legged locomotion robots have been developed. Passive walking 
system have been studied for their relevance in creating energy efficient walking systems 
[12][13]. Passive walker have no real world application since they are only able to walk 
in a downhill direction aided by gravity, but the systems have shown how simple things 
like locking knees can improve walking efficiency.  
 
Actuate legged systems like spring Flamingo [14]. BigDog [1], and Asimo [15]. 
Have shown that legged locomotion is possible and can be achieved in a variety of way. 
Spring flamingo uses series elastic actuators to decouple the load from the motor with an 
elastic element, this creates a level of compliance that can be useful when traversing 
rough environments. Robots like Asimo have started to recently experiment with tactile 
feedback on the sole of the foot, and even the very modest 4 sensor system has improved 
the system reliability. With this feedback system they are able to dynamically balance the 
system based on the force distribution on the sole of the foot with a ZMP controller [15]. 
A limited amount of research has been conducted to study the effects of large sensors 
arrays on sole of the foot on a bipedal system [16]. 
Legged locomotion systems have given limited consideration to the need and use 
of tactile feedback on the sole of the foot. Some systems have used one to four sensors 
[17][18][15]to better understand the terrain the are coming in contact with but no systems 
have looked at implementing large tactile arrays that better mimic the sensors in a human 
foot in legged system. 
MQP Contributions 
 
Legged robotic systems have given little attention to the need of large-scale tactile 
feedback back on the sole of a foot.  The goal of this project is to study and design a 
platform that can be used to develop sensitive walking. This approach will use an array of 
podotactile sensors in the sole and sides of a foot in order to study better control 
methodologies for walking and gait generation, real-time walking stability and study 
walking in uneven terrains.  
 
This MQP will focus on the mechanical motion, electrical system, tactile sensors 
design of a platform for sensitive walking. This MQP presents and overview of the 
mechanical system, the development on the wire-rope system used for motion transfer, 
the electrical architecture and board design, and the mechanical and electrical design of 
the tactile sensors.  
Platform Design 
Platform Overview 
 
The mechanical design was driven by 4 factors: dexterity, compliance, weight, 
and aesthetics.  Dexterity is needed in order to mimic natural walking motions, 
additionally high dexterity will allow for more freedom in the control methodology and 
gait generation. Figure 4 shows a leg, it was designed with 5 degrees of freedom, which 
mimic the major degrees of freedom of a human leg. Additionally a big toe was added to 
the foot for heel-to-toe walking and to measure walking stride information. It is 
additionally going to be used for contact navigation, the toe can tab the environment 
before placing the foot down to detect any obstacles that maybe prevent it from 
balancing. To fully mimic the human system and take advantage of passive walking 
mechanism a locking knee was designed [19]. The knee is unable to go bellow  0∘, past 
full extension. The size of the leg was modeled after a toddler although the foot is not 
proportional to the rest of the system in order to allow for a larger sensor array.  
 
 Figure 4: Leg Joint Name and Degrees of Freedom 
 
Compliance is needed in order to protect the robot from any unexpected external 
forces. Furthermore compliance decreases the impact felt by the actuators by dampening 
fast changes in force, and is decrease the movement precision. Compliance was achieved 
with the use of series elastic actuators (SEA), SEA’s use pre-compressed springs to 
decouple the actuator from the joint, this spring provides elasticity to the system and can 
be used to control the exact force applied to any given joint [20]. The platform uses 
SEA’s on every joint; Figure XX shows a cutaway of the SEA implementation of the hip 
joint.  
 Figure 5: Series Elastic Actuator Implementation on Hip Joint 
 
The final design, seen in Figure 6, of the platform is 1-meter tall, weighs 13 Kilograms, 
and can be run untethered. Eight 90-watt brushless DC four pole motors are used in the 
hip abduction/adduction, hip flexion/extension, knee, and ankle Flexion/Extension. The 
remaining joints use 12-watt brushless DC motors. Do to the size of the robot in addition 
to the complexity of the series elastics in addition to the flexibility that may be needed in 
the future, over the shelve electronics cannot be used.  Custom made motor drivers, 
motor controllers, power distribution and tactile sensors circuits must be designed to fit 
within tight footprints that were accounted for in the mechanical design.  
 
Figure 6: Left: real biped, Right (a): CAD Model of Biped, Right (b): Foot With Tactile Sensors 
 Wire Driven Motion System 
 
Normal robotics systems use gears and levers to transfer forces from the motor to 
the load, there are many advantages to this systems but they can add mechanical 
complication and weight. For this biped a major consideration was weight and its 
distribution. This consideration in addition to the use of SEA’s pushed the design to use a 
cable driven system where the motor, elastic element, and load would be connected with 
a cable. Cable has many advantages, the major one being that allows for motion to be 
transferred from the motor the load over a long distance with minimal weight impacts, it 
is also allows for the conversion of rotational motion to linear motion with ease.  
Cable Selection 
 
For this project many cables were tested when before selecting the final cable. 
Cable rated yield and diameter were the major characteristics that were considered 
although bending radius, elasticity, durability and safety were also taken into account. 
The cables tested were Dyneema from two manufactories, Vectran and 7x19 wire rope. 
As can be seen in Table 1, the 1.6mm Dyneema has the highest rated yield strength and 
through our testing we were not able to break it after applying a 250lb load. Steel wire 
rope has the smallest elasticity but overall all the cables have a low elasticity, one major 
shortcoming of steel cable is its bending radius which on average comes out to be about 
10 time the cable diameter, this would me that in order to not push the cable beyond it’s 
rating the biped could not use any pulleys with a diameter smaller than 5/8 inches, 
additionally it has the highest cost per foot. Vectran and Dyneema both have a safe 
bending radius equal to it’s diameter. Cable safety is critical, in this application the cable 
will be loaded at up to 200lb on average and peaks of 300lb, this much force can prove 
dangerous depending on what happens if a cable breaks, Dyneema and Vectran both 
break very cleanly and do to their light weight and material properties have a very low 
risk of causing harm. Steel wire-rope in the other hand tends to “explode” and the 
individual wire strands unwind and could easily cause injuries if anyone is close to the 
biped. After testing it was concluded that the standard Dyneema and Vectran do not meet 
the minimum yield strength for this application, additionally while the steel rope-wire 
meets all the requirements it’s bending radius and safety risk are a cause for concern. 
Traditional cable driven robotic systems have commonly used steel wire-rope, but in 
recent years with the introduction of small diameter Dyneema systems like DLR robots 
and Igus RoboLink have started to successfully use Dyneema in robotics applications. 
This in addition to our testing pushed us to selecting 12 strand braided Dyneema SK75.  
Table 1: Cable Comparison 
Cable Diameter(mm) Cost/foot Rated Yield (lb) Tested Yield (lb) Elasticity 
Dyneema 1 $0.05  250 50 3% 
Vectran 1.2 $0.41  220 40 2.90% 
7x19 Wire 
Rope 
1.6 $1.45  260 N/A 2.50% 
Dyneema SK75 1.6 $0.24  400 N/A 3% 
 
Cable Clamp 
 
One disadvantage of Dyneema is that it has a very small coefficient of friction 
(.04), which is comparable to Teflon. This makes is difficult anchor the cable to the 
motor and spring. Usually knots would be used but do to assembly needs and simplicity a 
simple system had to be found. After researching a variety of existing technologies, the 
igus brass nipple system, Figure 7, was selected for terminating the cable at the spring. 
There were no existing solutions that could be used to anchor the cable to the motor 
pulley, for this several prototypes of pulleys were developed based on the Igus brass 
nipple approach. After testing the best solution prove to be to terminate the dyneema 
inside the pulley between the motor shaft and outer wall. Many factors like material 
rupture and wall collapse do to thin walls had to be taken into account. The maximum 
tension in the cable at any point should not exceed 300lbs but for safety the system was 
designed to handle over 40lbs, which is above the yield strength of the cable, this keeps 
the pulley safe while still maintaining the cable as the controlled failure point. The final 
pulley design can be seen in Figure 8. 
 
Figure 7: Igues Dyneema Brass Nipple Clamp System 
 
 
Figure 8: Pulley with Brass Nipple Clamps System 
 Electrical Architecture 
Figure 9 shows an overview of the electrical architecture system. The platform 
uses an onboard computer, Fit-PC 2 as the main processing unit. The onboard computer 
runs the high level controller and gait generation based on tactile, IMU, and joint position 
data. It then sends joint commands to four motor controllers that control the individual 
motors. The IMU and tactile sensors communicate over USB and can either be set up to 
constantly send data or can be sampled at specific times by the computer. The motor 
controllers are split into regions four regions, the legs are split into upper, high dexterity 
joints, and lower joints which control the foot position. The system was split in this 
manner in order to guarantee synchronicity on the sets of joints. Since the upper joints 
control the overall center of mass of the robot and are the main joints used in the gaits 
they have to be carefully synchronized, the lower joints which control the foot are used 
more precise adjustment of the center of pressure in the foot when balancing and in the 
heel to toe, step, part of the gait. Splitting the system in this manner reduces the number 
of cables the have to travel across joints and simplifies the communication system.  
 
 Figure 9: Electrical Architecture for Biped 
Power System 
The power system for this platform is designed to take in one 36V power line to 
power the entire robot. The system is composed of two DC-DC converts, Figure 10, one 
36V to 12V to power the on board computer and one 36V to 3.3V to power the logic 
circuits. Additionally the DC-DC converters can be independently disconnected from the 
36V input line and external power supplies can be used to power the on board computer 
and/or logic circuits.  	  
 Figure 10: 3D Model of Power Board 
Power requirements  
Do to size constrains the power requirements for the system had to be accurately 
measured in order to get the most space efficient DC-DC converters and better design the 
power distribution system. The 12V line needed to power the onboard computer requires 
1.25 Amp continuous supply and has a 2Amps peak, therefore a 2.5 Amp DC-DC 
converter (418-EC9BW-48S12) was selected.  
 
For the 3.3V line the power requirements had to be more flexible in order to allow for 
future changes and expansions. The main draw in the 3.3V line comes from the tactile 
sensor boards which can pull a significant amount of power depending on the number of 
sensors.  Each sensor is composed of an LED and four phototransistors. The LED’s used 
have a voltage drop of 1.45V and draw 20mA at optimum brightness, since the voltage 
supply is 3.3V, LED pairs of two are connected in series and then an array of these series 
LED are connected in parallel, this means that for every two sensors the LED’s pull 
20mA from this equation 1 is derived, where total sensors is the number of sensors in the 
entire system. The phototransistors when fully enabled create a short; a series resistor is 
added in order to limit the current flow. Through testing the optimal value was 
determined to be 1.5KΩ and there are four phototransistor per tactile sensor, from this we 
can derive equation 2. With these two equations the power consumption for 192 sensors 
can be calculated, considering that the ADC sampling the sensors only requires a fraction 
of a mA it can be accounted for in the safety factor. It was calculated that the 192 sensors 
would require 3.9A at 3.3V. 
 
𝐿𝐸𝐷  𝑐𝑢𝑟𝑟𝑒𝑛𝑡 =    .02 ∗ 𝑇𝑜𝑡𝑎𝑙  𝑠𝑒𝑛𝑠𝑜𝑟𝑠2  
 
(1) 
𝑃ℎ𝑜𝑡𝑜𝑡𝑟𝑎𝑛𝑠𝑖𝑠𝑡𝑜𝑟  𝑐𝑢𝑟𝑟𝑒𝑛𝑡 =    4 ∗ 3.3𝑉1500𝛺 ∗ 𝑇𝑜𝑡𝑎𝑙  𝑠𝑒𝑛𝑠𝑜𝑟𝑠 (2) 
 
The other major current draws are the opto-isolators and ARM7 microprocessors. The 
current requirements for the 3.3V line is calculated to be about 5Amps, in order to allow 
for additional sensors in the future and account for inefficiencies a 10Amp DC-DC 
converter from Vicor VI-J2Y-EY was selected. 
Battery Selection 
One of the main goals of the project is to make the platform capable of run 
tethered or untethered. In order to do this a battery that would be able to power the biped 
for a minimum of one hour is required. To calculate the size requirement of the battery 
the power consumption of the robot had to be calculated. The motors for the robot were 
selected with a significant safety factor, additionally even when walking the biped would 
not be utilizing the all the motor at full power, it was estimate that the power 
consumption could be averaged to all motors running at 25% efficiency, this estimation 
was verified by a dynamic simulation. With this system we can estimate the biped will 
consume about 200Watts per hour. In order to reliably operate the robot for 30 minutes, 
100Watts are needed, calculating for inefficiencies and safety factor a 180Watt battery 
pack was designed. Two 10 3.6V series battery packs will be used to create the 180Watt 
pack. Do to the weight restriction and safety concerns the A123 ANR26650 Lithium Ion 
Cylindrical Cell were selected, these cells provide the highest power density in any 
battery that has minimal explosion risks. The location of the battery packed can be seen 
in Figure 12. 
 Figure 11: Biped Waist 
 
Power distribution 
The power distribution board, Figure 13, has very limited space constrains 4” x 
4”, the system is able to take in a 36V input and power the entire system with it. 36V and 
3.3V lines needed to power all the system are placed near the hip joint allowing for 
simple connection, to either leg and addition power for expansion were placed int eh 
center of the waist. A major consideration when designing the power and electrical 
system was effects of running cables across multiple joints. High flexibility Teflon coated 
wire was selected for the analog and power cables in the system. In order to decrease the 
number of cables crossing over joints, each motor drive uses one power cable that comes 
from the main power distribution board, as to not exceed the current limitation of the 
cable, and the logic power for the drivers is brought from the motor controller board.  
 Figure 12: Power Board 
Controller Design 
Since the system will be utilizing series elastic actuators individual joint force 
control can be easily obtained by regulating the spring compression. To do this, a system 
that can measure the joint position and spring compression and then calculate an output 
must be designed. Additionally, a behavioral structure would make the system more 
reliable and increase its flexibility. To this the biped legs have been divided into 2 
regions, the foot and the hip & knee, each set of three joints will be controlled by a single 
controller, which is controlled by the main on board computer. Over the shelf motion 
controllers usually only allow for one position feedback system additionally the control 
algorithm is usually preprogramed to run a PID loop, which works for most system but 
would limit any future changes that may be needed in the future, like a feedfoward 
controller. Furthermore, most over the counter systems exceed the allocated footprint 
size; the final board can be seen in Figure 14. 
 
Figure 13: 3D Model of Motor Controller 
System Requirements 
The controller must be able to preform the following tasks: 
• Sample 6 potentiometer values with a 2% noise range. 
• Communicate over serial  (UART) or USB to the on board computer. 
• Run a controller loop on all 3 joints at 1Khz. 
• Fit inside the 2.6” by 1.375” footprint. 
• Communicate to the motor drivers. 
Chip Selection 
To preform this task and variety of microcontroller were investigated. The major 
requirements were reliability, on chip USB, multiple SPI channels and a minimum of 6 
PWM channels. After looking a countless chips that fits this criteria the LPC 2148 was 
selected do it’s success and reliability. More powerfull chips like the TI steleris line, TI 
Picolo line, ST-micro Cortex-M0. Were all considered but were not selected because of 
low reliability or unnecessary complexity. The LPC2148 is capable of preforming the 
necessary tasks and has not unnecessary and wasteful features that were not needed.   
Board Design 
A major consideration when designing this board was sampling the 
potentiometers values at a 12bit resolution with a noise range of 2%!! . In order to do this 
careful consideration had to be taken in the sampling circuitry. Figure 15 shows the 
circuit design for each input channel, as shown the signal is first buffered to decrees the 
effect of sampling, the signal is the passed through a low pass filter and then sampled by 
a standard ADC. Low ESR capacitors are used to decouple the power input to the op-amp 
chips in order to minimize and noise introduced by the sudden current draw when a 
sample occurs. Figure 16, shows the effect of a taking a sample on a standard signal 
channel. 
 
Figure 14: Signal Conditioning Schematic 
  
Figure 15: Noise Generated by ADC Sampling 
 
In order to separate the analog and digital sections of the board a 4 layer design 
with a GND and power plan in the inner layer and digital and analog layers and the top 
and bottom was chosen. The analog portion of the circuit was designed to maintain the 
unconditioned analog trace length to a minimum, as shown in Figure 17. Do to the 
relatively slow speed of the microcontroller, 80Mhz, little consideration had to be taken 
when designing the digital (top) layer of the board shown in Figure 17. The main 
considerations were in the USB trace and oscillator in order to meet all the standard 
guidelines.  
 
Signal LED’s were placed on the board to allow for ease debugging, and ON 
status LED, and a USB led can be used to determine if the board is currently on and if 
there is a USB connection detected. Additionally a third LED that is software controlled 
was placed on the circuit can be used to determine if the code is running successfully or if 
any fault states are detected.  
 Figure 16: Motor Controller Board Design, Top: Digital Layer, Bottom: Analog Layer  
 
Software Design 
The embedded software architecture is fairly simple, as can be seen in the Figure 
9 below. The main loop constantly checks to see if a full package has been received. And 
two interrupts, a serial UART RX and 1Khz timer for the PID, run intermittently in the 
background. The most important part of any good controller is stability, since a PID 
controller has two values that are time sensitive, I and P, the timer interrupt is given 
priority over the serial interrupt. To prevent any package loss the 16 fifo registers are 
activated in the UART peripheral that will buffer incoming 8bit packages until the 
microprocessor reads them.  
 
The communication protocol is designed for reliability, since UART does not 
guarantee package integrity natively, a system was developed that would allow the code 
to check the package integrity. Table 2 and table 3 show the message architecture used, 
each message is composed of 16 8-bit packages that are then parsed for the useful data 
with simple bit shifting. The first nibble of the 8-bit package is used as a counter to keep 
track of order and it is also used to check if any packages are missing or have been 
corrupted. The second nibble contains the message being sent.  
 
Table 2: Communication Protocol 
Nibble 1 Nibble 2 Message 
0000 #### Command 
0001 #### Command 
0010 #### Motor 
0011 #### Value1 
0100 #### Value1 
0101 #### Value1 
0110 #### Value1 
0111 #### Value2 
1000 #### Value2 
1001 #### Value2 
1010 #### Value2 
1011 #### Value3 
1100 #### Value3 
1101 #### Value3 
1110 #### Value3 
1111 #### Checksum 
 
 
Table 3: Parsed Message 
Message Binary value 
Command ######## 
Motor #### 
Value1 ################ 
Value2 ################ 
Value3 ################ 
Checksum #### 
 
Motor Driver 
Motor drivers able to accurately and efficiently control 4-pole Maxon motors. 
Brushless DC motors work on the same theory of standard brushed DC motors but the 
pole switching is done in the logic circuit instead of brushes, this increases the efficiency 
and reliability of the motor by removing the mechanical brushes. This increase in 
efficiency directly affects the weight to power ratio of the motors. To control these 
motors a commutator circuit is needed to provide the control the power through the coils 
based on position feedback from hall-effect sensors[21].  Figure 18 shows a truth table 
relating the hall-effect position to coil path selection. 
 
 
A brushless motor is composed of 3 separate coil sets surrounding a magnetic 
rotor, by modifying the current flow through these three coils a progressive magnetic 
field, which rotates the rotor, can be created. Figure 19 shows a three phase 4-pole motor 
diagram. The Maxon 4-pole controllers used in this application present a unique problem, 
their high efficiency comes from a Maxon proprietary coreless coil technology which 
greatly reduces the overall inductance of the coils to 0.113mH. 
 Figure 17: Commutation Sequence
 
Figure 18: Basic Diagram of Three Phase 4-Pole Motor 
 Motor Driver V1 
Motor Driver V1 Design 
Many design considerations must be taken into account when controlling a high 
power system like a 90watt motor controller. The basic circuit diagram for a standard 
brushless motor can be seen in Figure 19. The low inductance of the motor further 
complicates the design; a low inductance lowers the current retention time of coil, 
causing current ripples in the motor Figure 20. As shown in equation 3, to counteract this 
effect  two things can be done, the first one is to increase the PWM frequency but to do 
switching time in high power electronics this can only go up to about 100Khz without 
adding too much complexity to the design, and in reality a frequency closer to 50Khz 
should be used. For our applications a 60Khz PWM is utilized. The other variable factor 
that can be changed is the inductance of the motor, by adding a choke coil inline with 
every phase of the motor the overall inductance can be increased. For out application a 
47uH choke coil was selected.  
 
𝛥𝐼!"# =    𝑉!!2 ∗ 𝑓!"# ∗ (𝐿!"# ∗ 𝐿!"") (3) 
 
 Figure 19: a: Voltage Current curve, Dotted Lines Show the Average Value of Both Curves. B: Voltage Current 
Curve With & Without Choke Coil 
The final stage of the design is the commutator selection, the Allegro A3932: 
Three Phase Power MOSFET Controller was selected for this task. Overall it meet all the 
specifications required, additionally the selectable PWM blank timer was need to specify 
the blank time needed for the low inductance motor in order to prevent any shorts. 
Motor Driver V1 Results 
The motor driver was able to successfully make the motor spin and provided 
accurate control of the motor speed. One problem was found with the design the overall 
efficiency of the motor and motor driver were about 50% below the expected value. After 
testing it was determined that the low inductance and bad switching timing caused a 
current spike at the begging of every phase change which resulted in a loss of efficiency. 
In order to validate the expected values a Maxon motor controller efficiency was tested, 
the Maxon motor controller was able to provide the same torque output with 48% of the 
power required by the custom motor controller. Additional over the shelf non-specialized 
controllers were tested but they also had the same low efficiency of the custom 
controllers.  
Motor Design V2 
Motor Driver V2 Design 
 
After the complications in the first motor drive design a second attempt at using at 
different commutator was made. This times the switching timing, current sensing and 
voltage decoupling was carefully taken into account. The Allegro A4931: 3-Phase DC 
Motor Predriver IC was used. This commutator has upgraded current sensing capabilities 
and a built in blank timer the satisfied the external HEX-MOSFET switching time.  
Motor Driver V2 Results 
  
This new driver preformed significantly better than the first version, although the 
overall system efficiency was still 40% below the Maxon controller efficiency. Do to 
time constrains the driver was used in the biped for initial system testing. The drivers 
were able to move the joints through full range but overtime the inefficiency caused the 
motors to overheat. The system failure was tracked down to the commutator chip. Do to 
these results and the testing done in other motor drivers the decision was made to create a 
new motor drive using a programmable microcontroller as opposed to a commutator IC.  
Tactile Sensor Design 	  
The tactile sensors selected for this platform are able to measure both normal and 
shear forces. They also have a high deflection, they are durability and low cost. These 
sensors have already been proven effective by the robot GoBot and needed minimal 
improvement in order to be used in the foot of the biped. As previously explained the 
sensors are composed of an LED surrounded by four phototransistors and covered by a 
rubber dome, Figure 21. Do to the 13Kg weight of the platform; a major challenge was to 
create a mounting system that would be guarantee the integrity of the sensors array 
located at the sole of the foot.  
 
Figure 20: Tactile Sensor 
 
Board Design 
Do to the simplicity of the tactile sensors; the board design was fairly simple. The 
sensors were built in groups of 2 domes that are sampled by a single 12-bit ADC. This 
pairs are then placed in an array of the desired foot print. The only significant challenge 
presented is the high component density of the board which directly affects the layer 
count do to routing limitations and the sampling speed. To cover the sole of the foot 36 
8mm tactile sensors are used, each of these sensors is sampled at 100Hz and then data is 
then relayed to the onboard computer. Since each sensors is composed of 4 
phototransistors a total of 144 phototransistors have are being sampled by 12-bit ADC’s 
at 100Hz, this produces a total of 172,800 bits of raw data per sensor. In order to send 
this information back to the onboard computer a communication protocol similar to the 
one used in the motor controllers is used, this essentially doubles the amount of data that 
needs to be transferred, totaling 345,600 bits/sec. Although this speeds are achievable by 
UART serial it limits the expandability of the system, to allow for more sensors in the 
future, native USB was integrated into the tactile board. Do to the nature of the diode 
nature of the phototransistors at full saturation there is .6V drop across the 
phototransistor. If the sensors are sampled with a 3.3V reference as opposed to a 2.7V 
reference, which is the highest voltage that can be seen from the sensors, then the 
samples have a range of 2806 bits as opposed to the desired 4096bits. To get the highest 
possible resolution and full scale range from the sensors a 2.8V linear regulator is used to 
generate a voltage references that is used in the ADC’s. This Voltage reference allows the 
sensors to be sampled at almost full scale range, with only a 100mV which translates to 
146 bits. The final board came out to be eight layers and is able to successfully sample 
and transmit the sensor data, Figure 22.  
 
Figure 21: Left: 3D Model of Tactile Board, Center: Tactile Board, Right: Tactile Board With Rubber Domes 
After testing it was determined that the sensor noise was too high, the sensor 
noise comes from scattered light and not the circuits design so it is difficult to filter. After 
some testing it was determined that a majority of the noise came light directly from the 
LED which was being shined sideway s directly into the phototransistors. To eliminate 
this problem and 1.2 mm high Delrin plastic part was designed and laser cut to cover all 
of the sensor board area what isn’t occupied by components, this includes the areas 
between the LED and phototransistor. The addition of this horizontal light shield greatly 
reduced the sensor noise. The remaining noise was determined to come from uneven 
molding and the fact that IR light passes through the mold material fairly easily. To 
reduce this noise molds that are able to reflect more light are being tested with very 
promising results.  
 
The Delrin plastic layer thickness was selected to be .2mm taller than all the 
components on the circuit. This also allows for a direct transfer of force from the sensors 
to the PCB without applying any loads electrical components. The forces are then 
transferred from through the FR4 which has a strength of 1.2N/mm to standoffs that are 
located in a 1in square grid on the sole of the foot. Figure XX shows the tactile sensors 
mounted on the biped, being compressed by the weight of the biped.  
  
Figure 22: Tactile Sensor on Biped 
Mold Design 
As previously described, the tactile sensors are covered by a flexible rubber dome. 
The domes are created out of Freeman V-1062 molding rubber, using 3D printed molds. 
3D printing molds allows for the creation of custom domes for specific applications. V-
1062 rubber is used because of its high tear strength, and ease of use. To create an array 
of domes a negative cavity is designed out of multiple, depending on the complexity of 
the final geometry mold complexity can vary, Figure 24, shows the mold design for the 
complex dome array that will cover the entire bipeds foot which can be seen in Figure 25. 
. 
 Figure 23: Full Foot Mold 
The molding procedure can seen bellow; 
1. Mix 10 part Freeman V-1062 base to 1 part V-1062 catalyst until an uniform 
color is achieved.  
2. Place mixture in vacuum chamber, in order to remove any air bubble introduced 
during the mixture process.  
3. Vacuum mixture until all air is removed, this may take 15-30 minutes depending 
on the mix. 
4. Pour necessary mixture into the bottom mold (#1 in figure 24) in a careful manner 
to not introduce new air bubbles. Make sure that each dome negative is flooded 
with mixture.  
5. Place components #2 of the mold, take care to not fully compress the part to the 
bottom of the mold in order to retain sufficient material in the dome negatives. 
Place 1/8in dowel pins in the locking holes at the side of the mold in order to hold 
component #1 in place. 
6. Tilt mold 45degrees and pour mixture the side dome negatives, then insert 
component #3 in place and lock the part with 1/8 dowel pins. 
7. Repeat step 6 for the other face of the mold. 
8. Insert component #5 and 6, and bolt down component #6 to component #1. 
9. Allow rubber to solidify for 24 hours and then remove all components and rubber 
dome array.  
Each of the 3D printed molds can be used at most 5-6 times.  
Board integration 
 
The Boards tactile board as described above is mounted to the sole of the foot and can be 
seen in Figure 25. The motor controller and driver boards are mounted in the waist of the 
robot for the upper joints and the side of the Tibia bone for the lower joints, as can be 
seen in Figure 26. 
 
Figure 24: CAD Model of Foot Wrapped in Rubber Domes 
 
Figure 25: Motor Controller & Driver in Mounted on Tibia Bone 
Results 
 
At the end of this project the platform was fully assembled. Complications with the 
cabling system caused a 3 months delay. The complexity of the pre-compressing spring 
system made it incredibly difficult to cable the robot. Solutions to simplify the process 
have been created and will be implemented over the next few months. Overall all the 
joints worked as planned. After testing it was also determined that the motor clamping 
system that is used for hold the motors is not able to fully support the shaft of the motor 
and can cause the output shaft to bend. A double support system has been designed and 
will be added to the system.  
The motor Driver boards were only able to achieve a 60% efficiency and although they 
are functional a better system must be developed in order to have a reliable platform. 
 
The power distribution and motor controller boards worked as expected, the motor 
controller board is able to run the PID loop at speeds of up to 10Khz and can sample the 
potentiometer values with a noise ration of less than 2%. The tactile board is also able to 
successfully sample the dome deformation and transfer the necessary data to the onboard 
computer. Figure 27, shows the data output from the sensor board on a simulated step, 
where a sheet of transparent acrylic is pressed against the rubber at one end and the forces 
is slowly transferred to the other opposite end. The top part of the image shows a 
computer made grid which converts the data values into colors based on the scale on the 
left side of the image, as it can be seen the fully saturated sensors are dark red while the 
uncompressed sensors are yellow, and the colors in-between show different levels of 
compression. This data display system was created just to visually demonstrate the 
functionality of the sensors, and has no relation to the way in which the sensor data will 
be used.  
 
Figure 26: Tactile Data 
Conclusion and Future Work 
 
This one year MQP presents the design on some mechanical system, the electrical system 
and the low level software application of  a state-of-the-art bipedal platform is presented. 
The power and control system have been successfully tested and the tactile sensor array is 
able to detect both normal and shear forces at the desired rate. Even though the platform 
is not fully functional the overall design and assembly has been completed and tested. A 
handful of failure points have been identified and solutions are being developed. Task for 
future work include: 
1. Development of efficient motor drivers.  
2. Development of tactile feedback boards that is able to encompass the entire biped 
foot.  
3. Integration of motor output shaft double support system.  
4. Integration of IMU. 
5. Develop of a simple pre-compression and cabling system. 
6. Upgrade in spring force for SEA. 
When all of these tasks are complete the platform will be functional and can be used for 
the testing and development of sensitive walking control schemes.  
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